Abstract
Motivation
There is a demand for high performance vision systems. From time to time, new methods are continually being developed to solve more complicated vision tasks. We have experienced a change of paradigm from passive vision to active vision. Recently, the use of space variant vision systems has been given much more attention. The investigation into space variant vision systems has resulted from the research into the physiology of the Human Visual System (HVS). The human retina does not have uniform high resolution but has high resolution at the fovea and exponentially decreasing resolution towards its periphery. In addition, the human eyes cover the field of view of about 220' horizontally and about 90" vertically (limited by the shape of the face). This shows that the human visual system has the ability to process multi-resolution images for a wide angle field of view. Following that, variable resolution and wide angle field of view vision systems have been proposed and implemented. Also, Complex Logarithmic Mapping (CLM) has been proposed, discussed and used in space variant active vision systems [9, 7] . This type of CLM space structure: (i) is effective for data reduction i.e. the amount of information processed in a space variant image is reduced dramatically compared to a space invariant image, (ii) is able to provide a wide viewing angle, (iiii) allows multi-resolution analysis, and (iv) gives feature invariance at the fovea.
Real log polar space variant sensors have been implemented using either Charge Couple Device (CCD) or CMOS technology [ 1, 8, 51. The resolution of a real space variant sensor has not matched the human fovea resolution. The smallest pixel in an existing log polar sensor is 10 pm to 30 pm in size [ l , 6, 51. The human eye has a pixel size estimated to be 2.6pm [;!I. The question is: is the real space variant sensor's resolution high enough? Also, how important is the resolution in log polar mapping? In our previous work [3], we showed that feature invariance (lines, circular and elliptical arcs in Cartesian coordinates are represented as lines in log polar space when foveating on the feature's boundary) occurs at the fovea provided the resolution of the fovea is high enough.
Feature invariance is especially important for obtaining high accuracy foveation points [3, 41. This is done by having one process det.ecting lines and iteratively search for accurate foveation points by minimising the error function. High accuracy foveation can then be applied to objectffeature recognition applications. The overall objectives of this paper is to investigate what resolution is required for space variant log polar sensors. This investigation is done using a tracking system.
Resolution Consideration of Log Polar Mapping
The current existing space variant log polar sensors have a smallest pixel size of IOpm to 30pm at the fovea [ 6 , 5 , 11.
These sensors have been designed to increase vision system efficiency in that they reduce the amount of information to process compared to a uniform resolution sensor. For example, a uniform resolution full circular field sensor requires 206,000 pixels [SJ whereas a similar log polar sensor only requires 2100 pixels for an image of 256*256 [ 5 ] .
By simulation, we decrease this pixel size and hence have increased the resolution of the log polar map to match the human fovea. The aim of our simulation is slightly different from that mentioned above in that we aim to achieve human foveal resolution. In this way, we will be able to investigate the characteristics of the log polar map. For example, the feature invariance of the log polar map may only be achievable when the foveal resolution is high enough. In the Cartesian space of figure ib, the density of the receptors in a concentric ring is dependent on the area of the ring. The smaller the distance between neighbouring concentric rings D, the smaller the area between rings, the higher the density of the receptors between rings, and hence the higher the resolution of this concentric ring D.
-exp 3 where 0,) represents the distance between concentric rings in Cartesian space and (exp -exp -) represents the one pixel wide segment in the log polar map. Note that, the plot of distance between concentric ring of figure 2 is for a log polar map of size of 360 by 360 pixels, where the image field of view is 30, 45 and 64 degrees respectively. Table 1 Figure 2 shows a plot of D, vs (exp shows the distance between the two inner-most rings of the three sensors. i.e. the smallest pixel size of the log polar sensor. Figure 3 shows the resolution of the three sensors I Sensor 3 I 2.8 I which is defined as the ratio of gt:j' n"$$s where pixel is an area. Thus, resolution is computed as:
where a = 2 . . . N . Three resolutions are considered: 3.1 * 103mm2/pixel (curve 1 for sensor l), 1.4 * 104mm2/pixel (curve 2 for sensor 2) and 3.9 * 104mm2/pixel (curve 3 for sensor 3); Note that sensor 1 is available in log polar sensors implemented with current hardware technology [ 1 , 8 , 5 ] . Table 2 . Foveal resolution for the simulated log polar sensor Table 2 shows the foveal resolution for the three simulated log polar sensors. The foveal resolutions of sensors 2 and 3 are higher than sensor 1, i.e. the ratio of the simulated log polar sensor 2 to sensor 1 is approximately 4.5: 1. Do we need such a high resolution fovea? From the experiments we have done [3, 41, the high resolution fovea is required to simplify foveation, i.e. feature invariance can only be achieved at the high resolution fovea. That is, irrespective of the feature type, horizontal lines will result in log polar space (shaded region of figure 4a ). This invariant portion of the image enables us to use a general method to achieve high accuracy foveation points for different types of features. This is important as feature invariance reduces computation time and foveation removes the necessity of The next question is, what resolution is really necessary? The top row of figure 5a shows edge images where the foveation point is on the boundary of an ellipse in cartesian space. The bottom row shows the corresponding log polar maps of the top row for sensor 3, sensor 2, and sensor 1 respectively. From these figures, it can be seen that the increase in resolution fromi 103mm2/pixel to 104mm2/pixe~s (figure 5f compared to figure 5d) results in a significant change in the amount of information contained in the images. By contrast, the change in the amount of information contained in the image for resolution increases from 1.4 * 104mmz/pixel to 3.9 * 104mm2/pixel (figure 5d compared to figure 5b) is not apparent. How significant is this resolution? Consider figure 5a. The segment near/at the "+" sign (foveation point) will appear to be a horizontal straight line in log polar space with 8 = 90 degrees if the resolution is high enough. As the resolution decreases, this segment will appear curved and the value of 8 will decrease. This is reflected in the log polar plots shown in figures 5b, d and f. Table 3 shows the 0 values for different sensor resolutions and the extent of the straight line in log polar space.
i -i i straight line (pixels) Our conclusion is thiat to achieve feature invariance by detecting the horizontali straight line, log polar sensors requires at least the resolution of sensor 2, which is at least 1o4mm2/pixel in resolution.
Experimental
The application we consider is proximity tracking [4] which is concerned with tracking the closest object. Initially, the moving object is found in the periphery of the image, then the camera is moved to foveate on the object. To bootstrap, the object is detected by computing the difference between the images of the scene with and without the object. Then the camera is moved to foveate on the moving object using open loop foveation [ 3 ] .
The tracking system produces good results for sensor 2 and sensor 3 but not for sensor 1. The tracking system using sensor 1 fails because of the following reasons. Consider figure 6 where the camera is foveating on a ball in the scene. Figure 6a shows the scene in Cartesian coordinates. Figures 6b-d are the corresponding images after edge detection in log polar space. From these figures, it can be seen that the amount of information at the fovea increases as the resolution increases. It is apparent that the amount of information for sensor 1 (figure 6d) at the fovea (striped region which represents the ball) is too small to be analysed, and hence the tracking system does not have enough information to track the object. Figures 7 shows some frames of a sequence of 160 frames generated by the tracking system for sensor 3. These images show the tracking system tracking the ball. Three images are shown per frame. The left image in each row indicates the living room scene in Cartesian coordinates. The middle log polar image indicates the object after motion. The right image in each row shows the ball after tracking using the open loop stage in log polar space. We only allow one iteration of open loop tracking since tracking does not required accurate foveation. Instead speed is more important so as to get near the object being tracked. Most of the pairs of lines in the closed loop image have a small foveation error. This is apparent as accurate foveation results in two horizontal lines at the fovea. Figure 8 shows a similar ball trajectory in a similar scene for the tracking system to track the moving ball using the lower resolution sensor, sensor 2. These images are generated by the tracking system during the process of tracking. Again, three images are shown per frame. The left image in each row indicates the living room scene in Cartesian coordinates. The middle log polar image indicates the object after motion. The right image shows the ball after tracking using the open loop stage in log polar space. Figure 9 shows the ball trajectory in 2D for different degrees of resolution: figure 9a for sensor 3, and figure 9b for sensor 2. In both cases, the ground truth is shown for comparison. It can be seen that as the resolution of the log polar map increases, the error produced in tracking decreases.
Discussion
The following discussion applied to figures 6 and 7. Currently, we are able to track the ball for the following situations: (i) where other feature come into play (the ball occludes other objects, (ii) when the ball changes its direction, (iii) when the ball is partially occluded by the furni- ture. However, it fails when the ball is totally occluded i.e. the system does not contain any information about how to predict where the ball will appear in the future. In the future, we will incorporate Kalman filtering to aid prediction of motion for occluded objects. Another difficulty is segmentation. Whenever we are not able to segment (differentiate) between the ball and the background (which may be caused by lighting and object intensity), then the tracking system fails. 
Conclusions
We have demonstrated that feature invariance at the fovea can anly be achieved provided the resolution of the fovea is high enough. The current real log polar sensors do not have high enough foveal resolution to provide feature invariance. Feature invariance is important to achieve high accuracy foveation which is not achievable for low resolution. Using the currently available sensor technology, it is impossible andl a waste of resources to implement a uniform high resolution sensor to achieve feature invariance. Feature invariance is important for applications such as foveation, surveillance, object recognition and tracking systems. Without the ability to foveate on a feature, these applications are difficult to build. Furthermore, we have shown the application of log polar mapping in proximity tracking and assessed performance for different resolutions.
In conclusion, we have described the significance of resolution for log polar mapping. Our aim is to investigate log polar space to identify its characteristics which may simplify some application areas such as tracking systems. Simulation allows us to investigate the high resolution fovea of log polar space which is currently impractical.
